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ABSTRACT 

A s ta t i s t ica l  method has  been developed f o r  obtaining the specific volume of 
minera l -mat te r - f ree  coke without knowledge of the specific volume of the mine ra l  
mat te r  contained therein,  and the theoie t ica l  considerations on which i t  is based  
have been discussed. Specific volume-carbonizing tempera ture  and composition- 
carbonizing tempera ture  relations fo r  minera l -mat te r - f ree  cokes prepared  f r o m  
bituminous coals in the t empera tu re  range 500' t o  1,000' C. show thzt different 
reactions take place below and above 700" C. Specific volume-composition r e l a -  
tions of crystall ine a romat i c  hydrocarbons,  minera l -mat te r - f ree  cokes, and hypo- 
thetical a romat ic  hydrocarbons corresponding to the oxygen-, nitrogen-, and 
minera l -mat te r - f ree  cokes a r e  in acco rd  with the view that a d i sordered  crystall ine 
s t ruc ture  exists i n  cokes f rom bituminous coals prepared  in  the carbonizing t s m -  
pera ture  range of 500" t o  1, 000" C. An equation has been derived for calculating 
the specific volume of the  hypothetical a romat ic  hydrocarbbns.  
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SPECIFIC VOLUME OF MINERAL-MATTER-FFSE COKE 
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Pi t tsburgh,  Pennsylvania 

The establ ishment  of the s t ruc tu re  of an unknown substance through a study 
of i t s  physical p roper t ies  depends on p r i o r  knowledge of relations between physical 
p roper t ies  and chemical  s t ruc tu re  of authentic compounds. Thus, densi ty  o r  its 
reciprocal .  specific volume,  a n  additive s t ruc tura l  quantity, becomes one of the 
m o s t  important  fo r  such  a purpose.  

The constitutive nature  of specific volume has been used recent ly  to study 
the  chemical s t ruc tu re  of mine ra l -ma t t e r - f r ee  coal (1) ( 2 ) .  1/ One of the diffi- 
cult ies involved in  such a s tudy concerns the m i n e r a l m a t t e r  i n  coal, s ince  even 
i n  specially p repa red  samples  a small amount of minera l  ma t t e r  i s  unavoidable 
and  chemical methods fo r  its complete  removal  without modification of the coal 
substance a r e  not available. 
of minera l -mat te r - f ree  coa l  is possible  only when the specific volume of the min- 
eral ma t t e r  is known. 

Therefore ,  exact calculation of the specific volume 

There is no d i r ec t  method for  determining the  minera l  ma t t e r  as such i n  
Data on the composition of coal a s h  a r e  available, but t o  obtain the specific coal.  

volume of the minera l  m a t t e r  f r o m  these  data assumptions have to be  made a s  to  
changes in  the composition and densi ty  which took place during the ashing opera-  
tion. An al ternat ive is to a s s u m e  that the specific volume of the a s h  is identical 
with that of the  minera l  ma t t e r .  
that  no organometallic combination ex is t s  i n  coal;  in other  words,  that  carbona- 
ceous coal and minera l  ma t t e r  constitute a physical mixture. 

Such assumptions also involve the assumption. 

Jus t  as with coal, the specific volume of minera l -mat te r - f ree  coke- 21 

can  be used f o r  studying chemical  s t ruc tu re ,  However, s ince  the  percentage of 
minera l  ma t t e r  is higher  i n  coke than in  i t s  parent  coal, the effect of specific 
volume of mine ra l  ma t t e r  upon the calculated specific volume of the mineral-  
mat te r - f ree  coke will be g rea t e r .  

The purpose of this paper  is t o  present  a s ta t i s t ica l  method to  obtain the 
specific volume of mine ra l -ma t t e r - f r ee  coke in the  absence of knowledge of the 
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1 1  Underlined numbers  i n  parentheses  r e fe r  to i tems  in the bibliography at  the 

2 1  In this paper  the t e r m  coke indicates  both coke and semicoke f rom coking 

- 
end of this repor t .  

coals. 
- 



specif ic  volume of the minera l  m a t t e r ,  and to d iscuss  re la t ions of the specific vol- 
ume of the minera l -mat te r - f ree  coke and i t s  composition with the temperature  of 
preparat ion,  and the significance of these relat ions to  our  knowledge of coke s t ruc -  
ture .  

Relationship Between Carbonizing Tempera ture  and Composition and Crystal l ine 
Structure  of Coke o r  Char  f r o m  Carbonaceous Materials 

Statistical analysis  of BM-AGA data?/ has shown the dependence of the com- 
position of cokes f r o m  bituminous coals  upon carbonizing tempera ture  (3) (4).  
Linear ,  semi- logari thmic relat ions have been s h o r n  to exist between th; albmic 
hydrogen-carbon rat io  and carbonizing tempera ture  and the hydrogen content and 
carbonizing tempera ture ,  both expressed  on a dry ,  ash-free basis .  In  the tem- 
pera ture  range 500" to  1 ,100"  C. these  relations were expressed  5 y  the  following 
equations: log H / C  = 0.5616 - 0,001781 T, and log H = 1.37 - 0.00!65 T ,  where 
H / C  represents  the atomic hydrogen-carbon ra t io ;  H, percent  hydrogen; T, c a r -  
bonizing tempera ture  in  "C. 

According to  the s a m e  analysis  (2) (z), both the average percent  oxygen and 
the logari thm of the average percent  volatile m a t t e r  v a r y  l inear ly  with. the carbon- 
izing temperature .  
oxygen contents of the parent  coal  were  found to  affect the respect ive content of the 
result ing coke significantly, 

Fur thermore ,  it has  been shown that gaseous products f rom the carboniza- 

In the range 500' to 600" C. both the volatile m a t t e r  and the 

tion of such widely different mater ia l s  a s  glycine. bakelite, cellulose, bitunzinous 
coal ,  anthracite,  and petroleum coke are s imi l a r  in composition, par t icular ly  at 
tempera tures  above that of initial decomposition (2) (a). Chemical reactions during 
carbonization of coal, lignin, cel lulose,  and a number of organic compounds a t  con- 
s tant  heating rate  (:) as well a s  those during degradation of cellulose and wood at 
constant tempera tures  (8) have been observed to  be of first order .  

It might, therefore ,  be expected that the  mechanism of carbonization follows 
a genera l  pattern f o r  all carbonaceous mater ia l s ,  and that the relationships between 
the composition of the solid product and the carbonizing tempera ture ,  found by 
Lowry f o r  cokes f r o m  bituminous coals  (3) (4). woul& a lso  be applicable to  cokes o r  
c h a r s  f r o m  carbonaceous mater ia l s  of widely different composition. 

Available data  on a tomic  hydrogen-carbon rat ios  and hydrogen contents of 
cokes and chars  f r o m  a wide var ie ty  of carbonaceous mater ia l s  are plotted as func- 
tions of carbonizing tempera ture  in  Figures  1 and 2 .  
ials, data for  which a r e  plotted on the y-axis, include cellulose (?), coals  of differ- 
ent  ranks (?) (E), petrographic  components (z), coal - ta r  pitch and its fractions (?) 
(11). and organic compounds (9) (11). The heating ra te  in each c a s e  was 5"  C. pEr 
minute except when otherwise s t a c d  in  the f igure,  
p resents  Lowry's equation f o r  cokes f r o m  bituminous coals.  

The parent  carbonaceous m a t e r -  

The solid line in  each  figure r e -  

3 /  Data f r o m  Bureau of Mines survey  on carbonizing proper t ies  of Americaa coals ,  - 
using Bureau of Mines-American Gas Association method. 



These plots show that during heating the  s lopes of the H/C vs.  T and 
70 H vs.  T l ines f o r  any carbonaceous mater ia l  change sharply a t  a temperature  
which may be defined a s  the decomposition point of the mater ia l ,  and then gener-  
a l ly  follow the s lopes corresponding to  the appropriate  Lowry equation. The de- 
composition t empera tu re  of the carbonaceous mater ia l  dec reases  with a n  increase 
of the atomic hydrogen-carbon ra t io  o r  the hydrogen content of the mater ia l .  
the s a m e  plots i t  is evident that  i n  the carbonizing t empera tu re  range, 500" to  
1, 100 
can b e  represented by a s t ra ight  l ine.  
presented by the atomic hydrogen-carbon raticl o r  by the hydrogen content. 
s lope of this l ine probably is not too different  f r o m  that of Lowry's line f o r  cokes 
f r o m  bituminous coals .  
decomposition t e m p e r a t u r e  of the parent  carbonaceous mater ia l  depends essen-  
t ia l ly  upon the carbonizing t empera tu re .  

F r o m  

C., the composi t ion-temperature  relation f o r  all carbonaceous mater ia l s  
This is t rue  whether the composition' is  r e -  

The 

There fo re ,  the composition of the solid product above the 

A plot based on Blayden and co-workers '  data (9-11) (Figure 3) shows that - 
when a carbonaceous m a t e r i a l  is heated, l i t t le change in  the crystal l i te  diameter  of 
the result ing c h a r s  o c c u r s  up t o  the decomposition t empera tu re  of the mater ia l .  
Above this t empera tu re  the  relat ion between the crystal l i te  d i ame te r  and the carbon- 
izing temperature  general ly  follows a common straight  line f o r  a l l  cokes and chars  
from. carbonaceous m a t e r i a l s  of widely different composition. 
s i m i l a r  to that between cornposition of cokes and chars  and carbonizing temperature  
shown in F igu res  1 and 2 .  

This correlat ion is 

Diamona 112) showed the s a m e  pat tern in his plots for  the relat ion between 
the mean layer  s i ze  of cokes and c h a r s  f r o m  three  bituminous c o a l s  and a n  anthra-  
c i te  and the carbonizing t empera tu re  up to  1,000'  C., and in those for t h e  relation 
between the mean bond length and the t empera tu re  u p  t o  900" C. A t  a given carbon- 
izing temperature  the mean  l a y e r  s i ze  of char  f rom the anthraci te  was l a r g e r  than 
the corresponding s i z e s  for cokes and c h a r s  f rom the bituminous coals ,  but there  
was ve ry  little difference in layer  s i ze  i n  cokes and chars  f r o m  bituminous coals. 
A s i m i l a r  relation held between t empera tu re  and mean bond lengths of cokes and 
c h a r s  f rom these coals .  

Thus, c rys ta l l i t e  d i ame te r  and mean bond length of cokes and  chars ,  par t i -  
cu la r ly  f rom bituminous coals ,  depend la rge ly  upon the carbonizing temperature  
between 500' and 1 ,000"  C. 

Finally. Franklin (3) found vir tual ly  the s a m e  density in  the range 1,000' 
to 3,000" C. f o r  cokes and c h a r s  p repa red  f rom different graphitizing carbonaceous 
m a t e r i a l s  a t  corresponding temperature ,  but discrepancies  exis ted among those 
f r o m  nongraphitizing mater ia l s .  

The foregoing fac ts  indicate that mine ra l -ma t t e r - f r ee  cokes and c h a r s  p r e -  
pa red  at the same  t empera tu re ,  in the range 500"  to 1 ,000"  C., and f r o m  carbona- 
ceous mater ia l s  of s i m i l a r  composition such a s  bituminous coals ,  may be t reated 
univariantly for  s ta t i s t ica l  purposes .  



The composition and density of minera l  m a t t e r  in coals m a y  be expected to 
differ,  but such differences will be reduced in cokes and c h a r s  p repa red  a t  the same  
carbonizing tempera ture .  F u r t h e r ,  cokes f r o m  a well p repared  sample  of a carbon- 
aceous mater ia l  usually contain only a sma l l  f rac t ion  of mine ra l  mat te r .  
ingly, the effect of the differences in the minera l -mat te r  density upon the result  of 
the calculated specific volume of the minera l -mat te r - f ree  coke will be minor .  
this work the assumption has been made that i n  the carbonizing t empera tu re  range 
between 500' and 1 , 0 0 0 "  C. the density of the minera l  m a t t e r  i n  cokes f r o b  differ-  
ent carbonaceous ma te r i a l s  but prepared  at the s a m e  carbonizing t empera tu re  is con- 
stant. 

Accord- 

In 

The foregoing discussion makes it evident that cokes prepared  f r o m  coals a t  
the s a m e  carbonizing tempera ture  in the range 500" - 1 , 0 0 0 "  C. m a y  be considered 
a s  a binary  solid mixture,  namely,  a sys t em composed of two pure  solid components, 
the minera l  ma t t e r  and the  carbonaceous mat te r .  

According to  the law of mixtures ,  the density of a mixture of two components 
can  be calculated by the following relation: 

where Dm represents  the density of the mixture ;  
ponents: vi and v2 ,  t he i r  respective volumes. 

w1 and w 2 ,  the m a s s e s  of the com-  

By definition, 

D1 = wl I V I ,  o r  v i  = WI I D1 . . . . . . . . . . . . .  ( 2 )  

and, 

D2 = w2 1 V Z ,  o r  vz = wz 1 D2 . . . . . . . . . . . . .  (3)  . 

where D1 and D2 are densit ies of the components. 
a r e  expressed  on a percentage bas is ,  then 

If the  masses of two components 

w 1 =  100 . wz . . . . . . . . . . . . . . . . . . . .  (4)  

Substituting equations (2 ) .  (3 ) ,  and (4) into equation ( I ) ,  we obtain 

D1 = (10O-wZ) ( ~ O O / D ~ - W Z / D Z ) .  . . . . . . . . . . . .  (5) I . 
In applying equation (5) to the sys t em of cokes f rom carbonaceous ma te r i a l s ,  D1 will 
represent  the density of the carbonaceous m a t t e r  o r  the minera l -mat te r - f ree  coke; 
D2, the density of the minera l  m a t t e r  in the coke; Dm, the density of coke; wz, the 
mass percent of the minera l  ma t t e r  i n  the coke. A s imi l a r  equation has  been used 
for  calculating the density of minera l -mat te r - f ree  coal (12). - 

When equation (5) i s  solved fo r  1 /Dm, the following re la t ion  is obtained: 

.-1 -1 -1 -1 
D m = D 1  t O . 0 1  (D2 -D1 ) W Z .  . . . . . . . . . . . . .  ( 6 )  



c 

Hence the rec iproca l  density,, o r  specific volume, of coke va r i e s  l inear ly  with i ts  
m-ineral-matter  content. The y- intercept  of the  line of equation ( 6 ) ,  obtained by  
extrapolating the mine ra l -ma t t e r  content of coke to zero ,  i s  equal to the specific 
volume of minera l -mat te r - f ree  coke. 

Rigorous application of equation (6) can be made only when the amount of 
mine ra l  ma t t e r  in coke i s  known. 
difficult .  However, da ta  a r e  available f o r  the a s h  content of coke, determined by 
s tandard  methods. 

Determination of minera l  ma t t e r  a s  such i s  

W e  m a y  consider  the a s h  content to be proportional t o  the  
. minera l -ma t t e r  content. 

w 2 = k A .  . . . . . . . . . . . . . . . . . . . . .  (7) 

where  A i s  a sh  content and k a constant. 
signating the specific volume of coke a s  Vm and that of minera l -mat te r - f ree  coke 
a s  Vp, we obtain 

Combining equations (6)  and (7), and de-  

-1 - 1  
V m = V p + 0 . 0 1 k ( D 2  - D 1  ) A .  . . . . . . . . . . . .  (8) 

Since coke is a s s u m e d  to be  a b inary  solid sys tem,  D2 and D1 a r e  constant for 
ma te r i a l s  carbonized a t  t he  s a m e  tempera ture .  
in  equation (8) is a constant ,  K, and 

~ 

A s  a resu l t ,  the coefficient of A 

V m = V p + K A .  . . . . . . . . . . . . . . . . . .  
This  equation a s sumes  a 3inear  relation between specific volume and a s h  content 
cokes p repa red  f r o m  different carbonaceous m a t e n a t s  at  the same temperature .  
The specific vohme cd the minera l -mat te r - f ree  coke, 1 / D i t  can be determined 
f r o m  the intercept,  the specific volume of the mineral  ma t t e r  in the coke, 1/D2, 
can b e  calculated f r o m  K in equation (9) i f  a value is known o r  assumed fo r  k i n  
equation (7).  

% . *  
Data on Cokes f rom Bituminous Coals 

Data f rom Bureau of Mines-American Gas Association (BM-AGA) carboni- 

following numbers  i n  the Bureau of Mines survey on the carbonizing propert ies  of 
Amer ican  coals: 10, 13-23, 26, 27, 31. 53, 54, 57-59, 62-64, 66-68 ,  71, 72, 75, 
76, 81, 82, 85-91, 93. and 94. All a r e  coking except 85-41  The i r  volat i le-matter  
content on a d ry ,  ash- f ree  bas i s  ranged f rom 16.3 to 46.7 percent ,  covering almost 
the whole range of bituminous coals.  *Thei r  oxygen contents on the s a m e  bas is  
ranged f rom 2.1 to 17 percent ,  largely below 8 ,  and sulfur contents f r o m  0.5 to 2.9 
percent ,  l a rge ly  below 1. 
to  0.928. 

. zation t e s t s  on 41 coa ls  have been used  fo r  this study. These coals  include the 

The i r  atomic hydrogen-carbon ra t io  ranged f rom 0.571 

All 41 coals were  carbonized a t  600" t o  1 ,000"  C. a t  100"  C. in te rva ls ,  but 
only 37 (all except 90, 91,  93 and 94) at  500' C. 
in  the 13-inch r e to r t ,  and i n  a few instances a t  800". 900". and 1, 000" C.  in the 
18-inch re tor t .  Almost  a l l  the data a r e  averages  of duplicate t e s t s .  

Carbonizations were  c a r r i e d  out 

d /  Char  f rom th is  coal  will be r e f e r r e d  to as coke in this pape r ,  - 



Variance analysis  on data of severa l  coa ls  carbonized a t  800", 900" and 
1 ,000"  C. in  both r e t o r t s  shows that a t  5 percent  significance leve l  s i ze  of the ~. 

r e to r t  has  no effect  on density o r  on i h e  hydrogen and the  carbon contects of cokes.  
But the effect of the parent  coal  upon the density of the result ing coke a p p e a r s  s igai-  
f icant a t  the s a m e  significance level.  
the difference i n  the  minera l -mat te r  content among coa l s ,  although in a higher c a r -  
bonizing tempera ture  range (1,000'  - 3 , 0 0 0 '  C. ) it has been found (3) that  the 
density of cokes and c h a r s  depends not only upon the carbonizing tempera ture  but 

i f  such  a n  effect of the parent  m a t e r i a l  ex i s t s  between 500' a c d  1,000 O C., i t  is 
la rge ly  eliminated i n  th i s  study s ince a lmost  all coals  w e r e  carbonized at each 
tempera ture .  

..: 
\.: 

\ 

'.\, 
-\ This  effect apparer,tly is l a rge ly  because of 

a l so  on whether the m a t e r i a l  carbonized is graphitizing o r  nongraphitizing. Even , . i. 
'< 

Specific volumes of cokes a t  each carbonizing t empera tu re  have been c o r r e -  
la ted with a s h  contents on the d r y  coke bas is ,  and the  l e a s t - s q u a r e s  method has been 
used  to  fi t  a l inear  regress ion  l ine.  
y-intercept of this  l ine represents  the specific volume,of the minera l -mat te r - f ree  
coke a t  the same temperature .  Both y- intercepts  and s lopes of l e a s t - s q u a r e s  l ines  
f o r  500' to 1 ,000" C. cokes a r e  shown in  Table 1. 
until m o r e  general  application is demonstrated th i s  specif ic  volume of the minera l -  
mat te r - f ree  coke thus obtained can  only be considered a s  a n  average  value fo r  the 
41 coals studied. Table 1 a l s o  includes correlat ion coefficients, s tacdard  devia- 
tions of es t imate ,  and s tandard deviations of y- intercepts  of the regress ion  l ines .  

As mentioned i n  the  preceding section, the 

It  should be emphas ized  that 

TABLE 1, - Results of Correlat ion Between Specific Volumes and  D r y  Ash 
Contents of Cokes f r o m  Bituminous Coals 

Vm = Vp + KA 

Carbon- 

tempera-  Number 
izing 

K Standard Standard 
Corre la t ion  deviation of deviation of vP tu re ,  of 

"C. samples  ( y -int e r c  ep t  ) ( slope ) coefficient vm vP 

500 37 0.707 -0.00350 0.879 0 .0064  0.0025 
600 41 .650 - .00167 .571 .0082 .0032 
700 41 .587 , - .00138 ,545 .0076 .0027 
800 41  .554 - -00138 .606 .0067 .0026 
900 41 .545 - .00180 .718 .0063 .0025 

1,000 41 .538 - .00112 .392 .0095 .0037 

The  average  specific volumes of both actual  coke and minera l -mat te i - f ree  
coke d e c r e a s e  i n  a similar manner  with the carbonizing t empera tu re  in  the range 
500" t o  1 ,000" C. (F igure  4 and Table 2 ) .  For the minera l -mat te r - f ree  coke, the 
relation is l inear  i n  the range 500" t o  700" C., and aga in  l i nea r ,  but with different 
slope and intercept  in  the range 800" to 1 ,000"  C. In F igure  4, these  functions a r e  
represented  by dotted l ines  which in te rsec t  a t  about 700' C. 
dotted line coincides with the solid curve. 

Below 700" C. the 
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The change of slope a t  about 700 '  C. ,  as shown in F i g u r e  4, indicates this  
tempera ture  to  be significant in the p r o c e s s  of carbonization. T h i s  is supported by 
c!--aracteristic changes in  other  physical  p roper t ies  of cokes p repa red  a t  about the  
s a m e  temperature .  Maximum mois ture  absorpt ion (15) and  carbon-dioxide adsorp-  
t ion (16) have been reported f o r  cokes prepared  a t  about 700' C. 
i n  e lectr ical  conductivity (16-19) and a d e c r e a s e  i n  magnetic susceptibil i ty (2) also 
have been determined to  occur  fo r  cokes prepared  a t  about the s a m e  tempera ture .  
Fur thermore ,  widely different carbonaceous mater ia l s  gave off a maximum amount 
of hydrogen during carbonization between 700" and 800" C. ( S ) ,  (21-23). 

A s h a r p  increase  

Figure 5 shows that the a tomic  hydrogen- and oxygen-carbon r a t io s  fo r  
cokes carbonized at  500" t o  1 ,000"  C. may  a l so  b e  represented  by two s t ra ight  l ines  
which intersect  a t  $bout 700" C. 
at higher t e m p e r a t u r e s .  
whole tempera ture  range. These  facts ,  together with those  mentioned in the last 
two paragraphs,  indicate two s tages  of reactions i n  the p r o c e s s  of carbonization. 
In the range of 500" to 700' C., chemical  reactions occur  which may resu l t  in  d i s -  
ruption of the carbon skeleton of the coal molecule  and rear rangement  of the  newly 
formed radicals a n d / o r  molecules. 
reaction may be  condensation of the  radicals  and/or .molecules  f r o m  the  f i r s t  s tage,  
perhaps accompanied by  dehydrogenation. 
resu l t  in  elimination of hydrogen, the  major  gaseous product above 700' to 800' C. 

The slope of these  l ines  is  g r e a t e r  at lower than 
The atomic nitrogen-carbon rat io  is  l i n e a r  throughout the 

Above this  t empera tu re  range,  the principal 

Both condensation and  dehydrogenation 

The specific volume of minera l -mat te r - f ree  coke prepared '  between 500 
and 1 , 0 0 0 '  C. v a r i e s  l inear ly  with the atomic hydrogen- and oxygen-carbon rat ios  
as  weii  as with the  carbon content of the coke. 
hydrogen-carbon ratio of minera l -mat te r - f ree  coke l i e s  above that  fo r  crystal l ine 
polycyclic a romat ic  compounds (24), as shown in F igure  6 .  
viation of es t imate  of the  l a t t e r  line, data  fo r  the f o r m e r  l ine a r e  not expected to  
overlap those f o r  t h e  l a t t e r .  
cyclic a romat ics  l ine.  These facts  indicate a n  imperfect  c rys ta l l ine  s t ruc ture  of 
cokes,  a s  was a l s o  found t o  be  t r u e  f o r  high rank coals (24). 

The l e a s t - s q u a r e s  l ine for the atom-ic 

From the s tandard de-  

Fur ther ,  all coke data  fall above t h e  crystal l ine poly- 

The l ine fo r  minera l -mat te r - f ree  coke approaches that f o r  crystal l ine 

This is evidently la rge ly  due to  the 
However, one can c o r r e c t  f o r  the 

This  hypothetical hydrocarbon h a s  been designated 

polycyclic-aromatics m o r e  closely with increasing atomic hydrogen-carbon r a t io s  
o r  decreasing carbonizing tempera tures .  
occurrence of oxygen and nitrogen in  coke. 
presence  of oxygen and nitrogen. 
as  the skeleton hydrocarbon of minera l -mat te r - f ree  coke. 

Occurrence of oxygen and nitrogen in coke indicates that  t h e i r  l inkages,  
possibly all with carbon a toms,  i n  the coke molecule must  be s t rong.  Thus,  i t  is 
a s sumed  that all the oxygen and nitrogen in  coke exis t  in  heterocycl ic  s t ruc tures .  
Using Traube 's  values of a tomic  volumes (2). one finds that displacement  of each  
oxygen a tom in the  heterocycl ic  compound by one CH2 group resu l t s  i n  a n  increase 
of 10.6 cc.  p e r  gram-molecular  volume, and displacement of each nitrogen atom by 
one CH group, i n  a n  i n c r e a s e  of 11.5 cc.  
oxygen and nitrogen a toms,  respectively,  i n  the minera l -mat te r - f ree  coke, the 
heterocyclic compound, the total  i n c r e a s e  in  the  gram-molecular  volume due to d i s -  
placement is 10.6 OH + 11.5 NH. Similarly,  a d e c r e a s e  in  gram-molecular  weight 

If OH and NH represent  the numbers of 



due to change of a heterocycl ic  compound into a corresponding carbocycl ic  one i s  
1.974 OH t 0.990 NH. In other  words,  

V c  a VH t 10.6 OH + 11.5 NH . . . . . . . . . . . . . . . . .  (10) 

W c = W ~ - 1 . 9 7 4 0 ~ - 0 . 9 9 0 N ~ .  . . . . . . . . . . . . . . .  (11) 

where  V H  and WH r e p r e s e n t  gram-molecular  volume and gram-molecular  weight 
of the heterocyclic compound, and V c  and W c  those of the  carbocycl ic  compound. 

If SH be the specif ic  volume of the heterocyclic coke molecule and Sc that  of the 
corresponding carbocycl ic  compound, then 

s c = v c / w c .  . . . . . . . . . . . . . . . . . . . . . . .  (12) 

Substituting equations (10) and (11) into equation (12) and dividing numera tor  and 
the  denominator by CH, the  number of carbon atoms in the heterocycl ic  coke mole- 
cule ,  we obtain 

I 

s c = ( v ~ / C ~ + l o .  ~ ~ H / C H + ~ ~ . ~ N H / C H )  (WH/cH-1.974OH/cH-o. 99ONH/CH). I 
Since VH/CH . vH/W, x W,/CH . SH WHICH . . . . . . . . . . .  (13) . 

If C, 0, and N r e p r e s e n t ,  respect ively,  the number of a toms of carbon,  oxygen, 
and nitrogen p e r  100 g r a m s  of the heterocycl ic  compound, which can  be calculated 
f r o m  ultimate analysis  data ,  then W H / C p l O O / C ;  OH/CH=O/C; NH/CH=N/C. r 

Therefore ,  f rom equation (14). 

I 

SC=(SH 1OO/C+10.60/Ctl l .  5N/C) (100/C-1.974O/C-0.990N/C) . . (15) T 

Using equation (15) and average  values f r o m  Table 2 fo r  a tomic ratios and 
I 

specific volumes of the  minera l -mat te r - f ree  cokes at different carbonizing tempera-  
t c r e s ,  the specif ic  volumes of the skeleton hydrocarbons of the  cokes a r e  calculated., 
The resul t  are shown in  Table 2, and the leas t - squares  line of the  calculated values 
is plotted in  Figure 6. The l ine i s  a lmost  paral le l  t o  the crystal l ine polycyclic a ro-  ’ 
mat ics  line. This  fact is in  accord  with the e a r l i e r  s ta tement  that the occurrence o f ,  
oxygen and nitrogen in the  coke is la rge ly  responsible for  the mineral-matter-free 
coke line lying c l o s e r  to the polycyclic a romat ics  line in  the  region of high atomic 
hydrogen-carbon rat ios .  Also,  correct ion f o r  nitrogen and oxygen content shows 
that the significance of the  data  for  minera l -mat te r - f ree  cokes is the same,  regard-  
l e s s  of tempera ture ,  a s  an indication of a d isordered  crystal l ine s t ruc ture  i n  cokes. 

Comparison of average  values of atomic oxygen-carbon rat ios  with the i r  standl 
a r d  deviations in  Table 2 shows that the experimental  e r r o r  is l a rge  compared with 



the oxygen content because  i t  is obtained by the difference between 100 and the sum ~ 

of percentages  of a sh ,  sulfur,  carbon, hydrogen, and nitrogen in  the  ult imate analy- 
s i s .  I! 

?, skeleton hydrocarbon is  negligible. 

r l  
) skeleton hydrocarbon, as shown in F igure  6 ,  dec reases  with decreas ing  a tomic  ' hydrogen-carbon ratio of the coke. 
L 
) value of the atomic hydrogen-carbon ratio of the coke. 

11, that the y-intercepts of the equations for  these l ines a r e  a lmost  identical. This 

'1 point of in te rsec t ion  may  be considered a s  the specific volume of a hypothetical, 
9 pure carbon. However, until data fo r  higher t empera tu res  a r e  available,  the relation- . .  { ship between the specific volume and the atomic hydrogen-carbon ra t io ,  whether of 

' 

However, the effect  of this e r r o r  upon the calculated specific volume of the 

$ 
The difference between the l ines for  the mineral-n;atter - f ree  coke and the 

Such difference should reduce to  ze ro  a t  ze ro  
This ag rees  with the fact 

mine ra l -ma t t e r - f r ee  coke o r  its skeleton hydrocarbon, must  be r e s t r i c t ed  to  the c a r -  
bonizing tempera ture  o r  the atomic hydrogen-carbon ra t io  range studied. 

I_ 
I ' for  the l ines in  Figure 6 fo r  crystall ine polycyclic a romat i c  hydrocarbon, minera l -  . ' .  

Table 3 shows the leas t - squares  equations and the i r  cor re la t ion  coefficients 

mat te r - f ree  coke, and skeleton hydrocarbon. 

TABLE 3.  - Least-Squares Equations f o r  the Relatio.nship Between Specific Volume 
and Atomic Hydrogen-Carbon Ratio of Different C las ses  of 

Substance - 

) 

I 

i 
C l a s s  of Correlation 

substance Equation coefficient 

Crystall ine polycyclic a romat ic  

Minera l -mat te r - f ree  bituminous Sp. vol. = 0.502 t 0.450 H/C .9?3, 

Skeleton hydrocarbon of minera l -  Sp. vol.  = 0.506 t 0.483 H/ C 

Sp. vol. = 0.457 t 0.508 HIC 0.978 
hydrocarbon * 
coke 

matte r - f r ee  bituminous A .' 
coke 

.?94 

* F r o m  bibliographic re ference  24. 

It has been mentioned that the density of the minera l  ma t t e r  in coke can be 
calculated f r o m  equation (8) if the value of k is known. F o r  approximation, k may 
be a s sumed  equal t o  unity, considering the difference between the de te rmined  a s h  
content and the minera l -mat te r  content in coke to be negligible. 
lated density of a s h  in cokes prepared  between 500' and 1 ,000 '  C. va r i e s  between 
2.1 and 2.8, with 2 . 1  as a n  average  value. 
of the a s h  of Hernshaw Bed coal;  fo r  the whole coal, the density i s  2.71 ; for the 
bright band, 2.67; and for the dull band, 3 . 0 3 .  
reported in the l i t e ra ture  (E). 

The average  calcu- 

Density determinations have been made 

A value of 2 . 7  f o r  coa l  a s h  has been 



CONCLUSIONS 

It has  been shown that the composition of the solid carbonization product ,  
whether  judged by the atomic hydrogen-carbon ratio o r  the hydrogen content of the 
product ,  depends la rge ly  upon the carbonizing tempera ture  in  the range f rom the 
decomposition tempera ture  of the parent  ma te r i a l  up to 1 ,100 '  C. 

The decomposition t empera tu re  of carbonaceous ma te r i a l s  var ies  with their  
composition. Below this t empera tu re ,  l i t t le  change occurs  in  the composition of the 
solid carbonization product, but above i t  the composi t ion-temperature  relation of the 
product follows a common s t ra ight  l ine for  cokes and c h a r s  f rom widely different 
carbonaceous mate r ia l s .  

Changes of c rys ta l l i t e  d iameters  and the mean bond lengths of cokes with the 
carbonizing tempera ture  up t o  about 1,000 '  C. general ly  follow the same t rend  as 
that fo r  the composition. 

A l inear  relation has  been shown between specific volume and a sh  content of 
The intercept  of such  a l ine corresponds to the average specific volume of cokes.  

mine ra l -ma t t e r - f r ee  coke, and  the s lope is related to  the specific volume of the 
mine ra l  ma t t e r  in coke. 

of about 700" C. has been found to  be significant in  the  carboni- 
is supported by the relat ions of carbonizing tempera ture  to  

ne ra l -ma t t e r - f r ee  coke and to its average atomic hydrogen- and 
z a t i m  p rocess ,  
specific volume 
oxygen-carbon ratios.  These  relations indicate--as  has other  experimental  evidence-- 
two s t a g e s  of reactions. Chemical  react ions up to about 700" C. may resu l t  i n  dis- 
ruption of the carbon skeleton of the  coal molecule and rear rangement  of newly formed 
rad ica ls  a n d / o r  molecules ,  while above this tempera ture  the principal reaction may 
be condensation of the rad ica ls  a n d / o r  molecules f rom the first stage,  perhaps 
accompanied by dehydrogenation. 

The specific volumes of minera l -mat te r - f ree  cokes prepared  in  the tempera-  
t u r e  range f r o m  500" to 1 ,000"  C. a r e  g r e a t e r  than those of the crystall ine polycyclic 
a romat i c  hydrocarbons having the s a m e  atomic hydrogen-carbon ra t ios ,  indicating 
a d i so rde red  s t ruc tu re  of the  cokes. The s a m e  conclusion can be drawn f r o m  a com- 
par i son  of specific volumes of the hypothetical a romat ic  hydrocarbons corresponding 
to oxygen-, nitrogen. and minera l -mat te r - f ree  cokes with those of the polycyclic 
a romat i c  hydrocarbons. An equation has  been der ived fo r  calculating the specific 
volume of the hypothetical hydrocarbons f rom that of the i r  parent  minera l -mat te r -  
f r e e  cokes. 

L .  _ .  . . .  
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Figure 1. - Relationship between atomic 'hydrogen-carbon ra t io  
and carbonizing temperature. 
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